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Sum m ary
M aterials with a high quality factor are used, for the test mass and suspension el­
ements, in interferom etric gravitational wave detectors to reduce off resonance therm al 
displacement noise. An experiment to  increase the quality factor of mechanically polished 
silica cantilevers by etching their surface is described. An estim ation of the thickness of 
the damaged layer clue to polishing is found and we estim ate how lossy this layer is. This 
was achieved by repeatedly etching a cantilever in solution and m easuring its mechanical 
loss in each instance. In this way mechanical loss as a function of etch depth can be 
determined. This layer was estim ated to be 0.5 micron deep w ith a  loss of 2.98 x 10"® 
which is three times higher than  the surface loss predicted by the current empirical model.
This has im portant implications as the test mass mirrors used in interferometric gravi­
tational wave detectors are comprised of mechanically polished silica. M easurements of 
single layer dielectric coatings of silica, tan ta la  and doped tan ta la  for use in interferomet­
ric gravitational wave detectors is also described. It was found th a t the  silica coating had 
the lowest level of measured mechanical loss overall a t 3.77 x 10”“^ . It was also found 
doped tan ta la  had a lower level of measured loss than  tantala, 2.965 x 10"^ in the doped 
case compared to 4.24 x 10"" .^
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In Chapter One, the nature of gravitational waves is discussed, together with methods for 
detection and the factors th a t limit sensitivity in interferometric schemes.
Vll
In Chapter Two, aspects of the theory of therm al noise are discussed and it is shown that, 
in one model, using m aterials with a low mechanical dissipation reduces therm al noise 
away from resonance.
at
.In Chapter Three, investigations into the correlation between etching of a mechanically 
polished cantilever and the m easured mechanical dissipation are discussed. Contribution 
to the design of the experiment came from J. Hough, S. Reid, V. Mitrofanov, and K.
Tokmakov. I was assisted in the laboratory by K. Tokmakov and C. Craig. The analysis 
of the results was carried out by the author. Valuable conversations were had with S.
Reid and K. Tokmakov.
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In Chapter Four, investigations into single layer dielectric coatings are discussed. The 
measurements were done by the author w ith a contribution from I. M artin. The coating 
analysis was done by the author in conjunction with S. Reid, S. Rowan and I. M artin. #
The rest of the analysis was completed by the author.
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C hapter 1
In trod u ction
1.1 Introduction
One of the most exciting predictions of E instein’s general theory of relativity (1916) is 
the existence of gravitational waves. In Newtonian mechanics, space-time was regarded 
as a set of rigid cartesian coordinates against which all events in the universe can be mea­
sured. In E instein’s universe, it is an elastic medium th a t can be warped by the presence
In General Relativity, space-time is an elastic medium, capable of sustaining waves. 
It is incredibly stiff so waves in space-time will have to be produced from colossal as- 
trophysical events, and even then  they will have a tiny am plitude (<  10~^ ® m). These 
are gravitational waves and they are produced in a way analogous to  the  production of 
electromagnetic waves by accelerating charges, when large masses are accelerated in an 
asymmetrical way in strong gravitational fields (see e.g. Hough and Rowan, 2000). Grav-
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of m atter and energy. All particles in the universe follow straight lines or geodesics in 
curved space-time. This accounts for the phenomenon we call gravity.
a
itational waves are expected to  propagate a t the speed of light.
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I
ISources expected to  produce gravitational waves include: supernova explosions, co­alescing compact binaries, black hole- black hole mergers, pulsars etc. The Big Bang 
also promises to be a source of gravitational waves, producing a stochastic background of 
gravitational radiation th a t could exist alongside the cosmic microwave background. I
Building detectors capable of “sensing” gravitational waves, although very challenging, 
is of extreme scientific importance. Gravitational waves may provide us with great insight 
into the universe and provide further verification of Einstein theory. They may even 
hint a t a more fundam ental theory of gravity (Thorne, 1995). The expected revolution 
of gravitational wave astronom y can be compared to  the revolution in the middle of 
the twentieth century with the development of radio astronomy. This had a profound 
im pact on astronomy. It painted a picture of a far more violent universe than  previously 
thought. It uncovered new phenom ena such as pulsars, quasars and the cosmic microwave 
background. It is hoped th a t gravitational waves will also open up an new perspective 
on the universe, because the information is very different (almost “orthogonal to” ) to the 
information carried by electromagnetic waves (Thorne, 1995).
1.2 The N ature of G ravitational W aves
This section follows the approach outlined by L Ju  et al, (2000). The Einstein equations 
are a set of 10 coupled differential equations. They describe how m atter/energy  curves 
space-time, which in tu rn  determines how m atter/energy  is distributed and vice versa. 
W ritten in the language of tensors they can be expressed in a single form as:
T  is the stress energy tensor, G  is the Einstein curvature tensor, c is the speed of light
'
CH APTER 1. INTRODUCTION
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and G is the gravitational constant. The equation is w ritten in th is form to  draw a tten ­
tion to  an analogy w ith Hooke’s Law plays the role of a  coupling constant. In the
Newtonian description, the coupling constant is infinite so any changes in a gravitational 
field propagate instantaneously. However, in relativity it has a finite value and so changes 
in a gravitational field propagate a t a finite speed, the speed of light. The coupling con-
.stan t has an enormous value, approxim ately 10“^®, which explains why newtonian gravity 
is a  good approxim ation to  E instein’s theory in most circumstances. The finite coupling 
constant implies space-time has an elasticity. It thus capable of supporting waves. These 
“G ravitational waves” will have a very tiny am plitude, bu t high energy density (Blair,
2000).
Consider a group of test particles in deep space, arranged in a  perfectly spherical 
configm ation (a test particle is an idealized model of an object whose mass is so small 
th a t it does not appreciably d istm b the am bient gravitational field). The test particles 
are falling towards a point, the  centre of mass of the  system. As a consequence of the 
inverse square law, there is no difference between the gravitational field of a  point mass 
and th a t of the same mass distributed in a  uniform spherical distribution. Therefore, as 
long as the collapse rem ains perfectly spherical, there will be no variation in the external 
gravitational field. Hence there can be no gravitational waves produced. Although this 
example is through analogy w ith the Newtonian description of gravity, the  result th a t only 
the m otion of large masses in an asym m etrical way produce gravitational waves holds in 
the GR case too.
The simplest non-spherical m otion is one in which the edge masses move inwards and 
the top and bottom  masses move apart (see figure 1.1). This is the  quadrupolar m otion 
of a  gravitational wave. D ipolar emission of gravitational waves is not possible due the
CH APTER 1. INTRODUCTION
Figure 1.1: This is the  effect a  gravitational wave has on a ring of test masses. The h+ 
polarization is shown by the red particles; the by the blue.
conservation of angular and linear m om entum  and the fact there is only one sign of mass. 
There are two polarizations of gravitational waves: h+ and and they exist at 45 degrees 
the  each other.
This distinctive orthogonal “stretching” and “squeezing” of space-time is characteristic 
of a  gravitational wave. It is a tim e-dependent strain  in space. It can be shown th a t 
a  suitably polarized gravitational wave of am plitude h will produce a strain  given by 
(Robertson, 2000):
^  __h  
L  ~  2 (1 .2)
5L  is the  change in the  separation of two free masses. M easuring th is change is the 
basis of all detectors. The great challenge for the  experim ental physicist is th a t these 
strains in space are expected to  be tiny. Even from a nearby supernova, the strain  is 
expected to  be 10“ ®^ or less . To detect events a t a  reasonable rate , gravitational wave 
detectors are being built w ith the aim of a  strain  sensitivity of 10“ ^^  (see e.g. Roberston, 
2000).
it
s
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1.3 T ypes o f D etector
1 .3 .1  B ar D e te c to r s
There is an  alternative form of detector th a t offers the possibility of high sensitives over 
a  broader frequency range. These are called interferom etric gravitational wave detectors.
A simple device for searching for these strains in space is called a  W eber bar(W eber, 1968).
It consists of a  large, solid piece of m etal w ith transducers attached to  the middle of it 
to  m onitor the oscillations of the bar. The first such device was constructed by Joseph
A-W eber in the 1960s. It consisted of a  1 tonne aluminium bar hung as a pendulum  and 
kept in a vacuum chamber to  reduce external noise (Robertson, 2000).
The bar detector (such as the  one shown in figure 1.2) can be modeled as two masses 4
joined by a spring. A passing gravitational wave will induce a change in the proper length 
of the  bar and thus the separation of the two masses. The fundam ental resonance of the 
bar will be excited. As the ba r will take some time to  “ring down” , the bai’ will “re­
m em ber” the  gravitational wave for some tim e. Hence sensing error can also be reduced 
through averaging. However, unless the  frequency of the gravitational wave is close to 
the  resonant frequency of the  bar it will go undetected. Hence these devices are narrow 
band. I
The m ain source of noise in bar detectors is therm al noise. This can be reduced by
cooling the bar to  close to  absolute zero. Research is underway into using the principles I
of bar detectors to  build spherical detectors. These will have m any resonances, so will |
be more broadband. They will also be able to  provide additional information such as 
determ ining the direction of the  incoming wave (V Fafone, 2006).
I
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Figure 1.2: The AURIGA bar detector in Italy consists of an aluminium bar cooled to
O.IK. It has a sensitity of less than 3 x I0“® but is still far above the required
sensitivity of to detect a gravitational wave. It operates at around 900Hz
1.3 .2  In terferom etr ic  G rav ita tion a l W ave D e tec to rs
A laser interferometric gravitational wave detector in its simplest form is a Michelson 
interferometer. The perpendicular arms of the detector are well suited to the detection 
of quadrupolar gravitational radiation (see figure 1.3). The “strain” in space from a 
gravitational wave propagating perpendicular to the the plane of the interferometer, will 
result in a differential change in the path lengths of the arms of the interferometer. Due 
to the quadrupolar nature of the gravity waves, a reduction in the path length in one arm 
is accompanied by an increase in path length of the other, thus multiplying the sensitivity 
by a factor of two. A change in intensity pattern at the output of the interferometer will 
result.
To make as accurate a measurement as possible, the interferometer is “locked” onto a 
dark interference fringe. This is achieved by sensing any changes in intensity at the inter­
ferometer output with a photodiode, and feeding the resulting signal back with suitable 
phase to a transducer, which is capable of changing the position of one of the interferome-
CHAPTER 1. INTRODUCTION
pendulum
suspenskn
'mirroro mirrortime
photodiode
Figure 1.3: The quadnipole nature of gravitational radiation can be seen on the left side 
of the diagram. If the mirrors of the Michelson Interferometer lie on the ring with the 
beamsplitter in the middle, the relative lengths of the two arms will change.
ter mirrors (see e.g. Hough, 2005). In this way, a gravitational wave will result in photons 
“leaking” through one of the arms, and its presence can be uncovered by examining the 
feedback signal.
To reduce noise in the system, the mirrors (test masses) are suspended as pendula. 
The arms of the interferometer are also housed in a vacuum chamber. The test masses 
are usually widely spaced, although there is a limit to how far they can be separated (sev­
eral km) due to the curvature of the Earth. The expected wavelengths of gravitational 
radiation place limits on the need for arm lengths more than several km.
Interferometric Gravitational Wave detectors offer the greatest prospect of detecting 
gravitational waves. There are a number of detectors around the world including: GEO 
(Germany), VIRGO (Italy), TAMA (Japan) and LIGO (USA) (see figure 1.4) . LIGO 
and GEO have even begun collecting real scientific data in a number of science runs as 
they approach their design sensitivity. A great amount of research is being undertaken 
around the world into the development of next generation gravitational wave detectors.
CHAPTER 1. INTRODUCTION
Figure 1.4: One of the LIGO gravitational wave detectors in Livingston, Louisiana. The 
other detector is over 3000km away in Richland, Washinginton. The arms of both detector 
are four km long and are housed in an ultrahigh vacmun system. Using two detectors the 
detection of a signal can be validated, and the origin can be determined.
with increased sensitivity. This will be achieved by reducing various sources of noise in 
the detector.
1.4 Sources o f N oise
There are a number of sources of noise in interferometric gravitational wave detectors 
that must be minimized to increase our chances of detecting a gravitational wave and the 
most important of these will now be discussed (see e.g. Hough and Rowan, 2000):
1.4 .1  Seism ic  N o ise
Seismic Noise results from ground motion/vibration as a result of tectonic plate mo­
tion /earthquakes, sea waves crashing on the coast, human activity etc. Isolation of mo­
tion in the horizontal direction is provided by means of suspending the test masses as
CHAPTER 1. INTRODUCTION
separated by several km, they will be non-parallel because the E arth  is curved. Therefore 
due to coupling of m otion between the vertical and horizontal motion, vertical damping 
is also required. This is provided by a series of springs.
pendulums. As the test masses are pointing towards the center of the  E arth , if they are
1.4.2 P h o to e le c tr o n  S h ot N o ise
The induced change in length of the arms of the interferometer results in a small change
in the intensity of light observed at the interferom eter output. However, there will already
be random  fluctuations in the  intensity of light because the num ber of photons arriving
a t the detector, n, are subject to  Poisson statistics (a gaussian w ith standard  error —^VW
where n  is very large). The fractional precision of a  single m easurem ent of the photon
'
arrival rate, in some tim e r ,  is thus given by — d  % Therefore to  ensure these random■pinr)
fluctuations are not of the same order as fluctuations in intensity due to a gravitational
wave, this form of loss can be reduced by increasing the num ber of photons incident at 
the output of the detector i.e increasing the power of the laser. f
1.4 .3  T h erm al N o ise
Therm al noise arises from the therm al motion of the atoms in the test masses and sus­
pension elements which is peaked at the natural resonances. The masses and suspension 
elements are therefore constructed so th a t the resonances are far from gravity wave fre­
quencies of interest. However, therm al noise in the tails of these resonances can enter the 
detection band. It is shown in the next chapter th a t this off resonance therm al noise can 
be reduced by using m aterials for the test mass and suspension elements th a t have a low 
mechanical loss.
I
;|
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2 .0 .4  T h erm o ela stic  Loss
«
T herm al N o ise
Therm al noise is expected to be a significant source of noise for long baseline gravitational 
wave detectors. It consists of two components:
1. Thermo elastic Noise - this results from tem perature fluctuations in the system
2. Brownian Therm al Noise - results from energy per degree of freedom in a system 
(where /cb is B oltm ann’s and T  is the tem perature of the system ). This therm al 
energy is stored in the translation, vibration and rotation of the atom s in the system. 
This energy will combine to produce the effect of therm ally induced motion of the 
test mass and suspension modes of the detector, causing a form of displacement noise 
on the front face of the test mass. Its im portance depends on the level of internal 
friction in the  system  (mechanical loss), which can be determined via application of 
the F luctuation Dissipation Theorem.
Thermoelastic loss is associated w ith the flexing of a  thin suspension element. As the 
element flexes, the side th a t compresses becomes hotter; the side th a t expands cools. 
There is heat flow until a equilibrium is reached, which results in loss. The mechanical
10
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loss associated with therm olelastic damping, which has a frequency dependence co, is given 
by equation 2.1 (Nowick and Berry, 1972).
W here V  is the Young’s Modulus, a  the therm al coefficient of expansion, p is the density, 
r  is the relaxation tim e and C  is the specific heat per unit volume of the element. The 
frequency at which this form of loss is a t its maximum is given by equation 2.2.
K is the therm al conductivity. The constant, c, in front of equation 2.2 is a geometrical 
factor: it is equal to  2.16 in the case of a cylindrical fiber and |  in the case of a ribbon 
fibre.
2.0 .5  B row n ian  T h erm al N o ise
In 1827, the botanist Robert Brown was puzzled when he observed the random  motion
.of pollen grains left to float freely on the surface of water. Brown repeated the experi­
ment with particles of dust and in this way was able to rule out th a t the "jittering” he 
observed under the microscope was due to pollen particles being ’alive’. However, the 
origin of the m otion remained a mystery, until in 1905 Einstein realized th a t this motion 
is a result of the stochastic collisions of water molecules with the pollen grain. He also 
realized that, due to  the viscosity of water, the pollen grains were losing kinetic energy 
as they moved. He therefore made a connection between a fluctuation  which excites a 
system (the irregular im pacts between the water particles and the pollen), and a dissipa­
tion  which dissipates energy away from a system (i.e the loss of kinetic energy due to 
the viscosity of water). This relationship was later developed into something called the
CHAPTER 2. THERMAL NOISE
Fluctuation Dissipation Theorem  which is a powerful tool used when studying therm al 
noise.
& ( . )  «  (2.7)rri uj
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F luctuation  D issipation  Theorem
The fluctuation dissipation theorem  relates the power spectral density of the therm al 
driving force of a system, to the dissipative (or real) part of the  mechanical impedance 
Z(w)-.
S f U )  =  4*iTÏÎ[Z(w)] (2,3)
It can be shown th a t when the internal modes of the system are modeled as darnped- 
simple harmonic oscillators, with resonant angular frequency Wg, the displacement thermal 
noise takes the form of equation 2.4 (e.g. Crooks, 2003).
(2-4)
Far below resonance w < <  wg , equation 2.4 can be reduced to:
r r  7 V ^kB T(j){w )w l  _  AkBT(j){;w)
 ^ ^  mw(wQ4>{wy 4- Wg) mwwQ{(f)'^{w) +  1)
If we are using a m aterial w ith a  very low mechanical loss, then (/)‘^ {wq) < <  1. Hence:
% ( . )  .  (2,6)'ITIWq w
Equation 2.6 can be used to calculate the level of therm al noise in the detection band. 
Far above resonance cj > >  (Ug it can be shown that:
I
■■I
11
CHAPTER 2. THERMAL NOISE
Prom equation 2.4 (where w =  wg):
13
Therefore, from equation 2.6 and 2.7 it can be seen th a t there is a significant reduction 
of therm al displacement spectral density away from resonance when m aterials with a low 
mechanical loss factor are used. W hat about the level of noise at resonance?
Hence there is an increase in therm al spectral density at resonance. This is a result 
of the conservation of energy: the  to tal integrated therm al noise over all frequencies must 
be the same. However, it is the shape of the therm al noise spectrum  as a function of fre­
quency th a t is im portant. By using low loss m aterials, more of the therm al noise is kept 
in the resonances of the system, which are arranged so they are far from the frequencies
'of interest. ?
Reducing off-resonance therm al noise is much easier than  reducing the total therm al 
noise of the system, which would involve cooling the optics and test masses. Therefore, 
for good therm al noise performance it is im portant to choose m aterials for the detector 
th a t have low mechanical loss.
2.1 Silica as a Test M ass M aterial
Silica {Si02) is the  current choice of test mass m aterial for G ravitational Wave Detectors 
(Reid, 2006). Its therm al noise properties are excellent. Silica has a  low therm al expan­
sion coefficient (0.4 x lO^'^K” )^ and therefore low levels of therm oelastic loss. It has a very 
low internal dissipation factor: loss measurem ents better than  10“® have been measured. 
Its internal dissipation has a frequency dependence. This is beneficial as therm al noise
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is expected to be an issue a t the lower frequency end of the operating spectrum. The 
internal loss factor is lower a t lower frequencies.
In practical term s, Silica is available in the required sizes to be cut and polished into 
the test mass m irrors (several 10 kgs). It has a high tensile strength  (110 M Pa), so silica 
fibers can be used to  suspend silica test masses. Using a setup where the suspension 
elements and test masses are composed of the same m aterial (monolithic) can also be 
shown to improve therm al noise performance. A low therm al expansion coefficient is also 
beneficial as there will be less therm al deformation of the m irror faces when using high 
powered lasers necessary to reduce shot noise.
losses in fused silica.
This thesis describes a num ber of measurements made on mechanically polished silica 
cantilevers. These m easurem ents are then compared to  Steve Penn’s Empirical Model for
:
2.2 P en n ’s Em pirical M ode
Since the model from Penn et al is discussed in more detail in the  following chapter, it 
will only be mentioned briefly here.
■I
A semi-empirical model has been developed for the mechanical loss in fused silica. It 
includes dependencies on both surface-to-volume ratio and frequency. It takes the form 
of (Penn et al, 2005):
'1
 ^ (2.9)
W here V  is the volume of the substrate, S  is the surface area of the substrate  and C1 ..C4
14
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are constants chosen depending on the type of silica being studied. is a  term  a ttribu ted  
to therm o elastic loss as discussed previously. The surface loss term  C 'i(^) is of particular 
interest. The mechanisms of loss on the surface of silica are poorly understood. However, 
some possible sources of surface loss have been speculated:
1. Contam inants absorbed into the surface from the surroundings or from polishing.
2 . General or (local) surface roughness.
3. Micro-cracks on the surface of the silica.
The constants used in the model are derived from a fit to m any loss measurements 
taken from various sources. Since these constants are the best fit coefficients of equation 
3.13 when it is fitted to a da ta  set, they are not quoted with any errors (See Penn et al). 
This thesis describes m easurem ents taken of suprasil 312. For this silica the constants 
have the following values:
1. Cl =  7.12 X 10-9
2. Cz =  4.63 X 10-:^ ^
3. C4 % 1
C3 is associated w ith the power law exponent in Penn’s equation and is found to be 
approxim ately 0.813 for silica of this type. The model, however, does not differentiate 
between silica w ith different surface conditions. The constants only depend on the type 
of silica used. The silica samples studied are mechanically polished. It is found th a t silica 
with a “pristine” surface has m easured losses th a t lie closer to those suggested by the 
model. By “pristine” I mean th a t the factors listed above as possible sources of surface 
loss are minimized due to careful handling/preparation etc.
15
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2.3 M easuring M echanical Loss
using a laser to  cast a shadow of the cantilever on a split photodiode. In this way the 
rate of decay of a resonance can be studied using a spectrum  analyzer.
The decay will take the form of equation 2.11
(2 .11)
16
,fI4
It has been shown th a t using m aterial w ith a low mechanical loss will reduce off-resonance 
therm al displacement noise. The details of the experimental setup will be outlined later, 
bu t the basic principle of m easuring mechanical loss in the laboratory is discussed.
The mechanical loss for m aterials used in gravitational wave detectors is very low, so 
it is difficult to measure over a  broad range of frequencies (see e.g. Reid, 2006). However,
■
near resonance it can be shown that;
Î
^  ÿ(wo)
W here Uq is the frequency a t resonance of the cantilever being studied. Q is known 
as the quality factor  of the m aterial and is equal to the inverse of the mechanical loss a t 
resonance. Hence the mechanical loss of a cantilever can be estim ated if its quality factor 
near resonance can be determined.
To measure the quality factor the  resonant modes of a cantilever, which is clamped 
rigidly a t one end, are excited using an electrostatic drive plate. The excitation is then 
turned off, allowing the modes to decay naturally. The oscillation is m onitored by using
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Ao is the initial amplitude of the oscillation. Equation 2.11 can be rearranged giving:
ln[A(f)/Ao] — —WQt(l)total ( ^ o ) (2 .12)
Hence, by fitting a function to the envelope of the decay, the quality factor at resonance 
can be found and the mechanical loss follows as its inverse (see figure 2 .1 ).
Ring Down 4th Bending Mode
y=6.30E+O0e’ °^ -^°^ * 
= 9.99E-01
5000 10000 
Time (MO s
15000 20000
Figure 2.1: This is an example of a ring down of one of the bending modes of a 500 micron 
thick cantilever. The ring down shows the high quality of data obtained which was typical 
through most of the results.
17
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1 .
To determ ine the loss of the  sample accurately it m ust be free to  move, bu t also 
sufficiently isolated from the rest of the world. O ther sources of external dissipation m ust 
be minimized. These include:
1. Gas Damping - th is is reduced by exciting the cantilever in a  vacuum tank, w ith a 
very low pressure (less th an  1 0 “ ®nib.)
2. Frictional (Slip-stick) dam ping - dissipation at the point where the suspension ele­
m ent meets the  cantilever. This is minimized by first welding the cantilever onto a 
larger silica block which is then  clam ped in place.
3. Recoil Dam ping - this results from energy dissipation from the cantilever into the 
surrounding structure. This can be reduced in the  same way as slip-stick losses, by 
welding the cantilever onto a larger silica block, or by isolation of suspension point 
from the rest of the  world, for instance by using a pendulum .
I
C hapter 3 
R ed u cin g  M echanical Loss o f  
M ech an ica lly  P o lish ed  S ilica  Surfaces 
th rou gh  C h em ical E tch in g
3.1 Introduction
In interferom etric gravitational wave detectors, the  test mass and suspension elements 
have a very low mechanical loss (high quality factor) in order to  reduce off resonance 
therm al displacement noise (see chapter 2 ). Fused Silica, which meets bo th  the mechani­
cal and optical requirem ents, is the  current choice of test mass m aterial. Hence the m irrors 
in the  interferom eter are fabricated from fused silica test masses. These are mechanically 
polished and coated w ith high-refiectivity coatings. It is known th a t mechanical polishing 
of silica substrates results in a  damaged and contam inated surface layer (Kozlowski et al, 
1998). It is of interest to  know how deep and how lossy this layer is. This has been stu d ­
ied by etching a mechanically polished cantilever to  investigate any correlation between 
the extent of etching and the m easured losses. All sources of mechanical loss, including 
their m agnitude and location with respect to  the incident laser beam, m ust be taken into
19
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consideration to  accurately estim ate the  level of therm al noise in the  detection band.
3.2 Background
dissipated due to  heat flow, therm oelastic loss The surface loss term  ( CiÇ^) ),
is of particular interest.
However, in th is thesis m easurem ents are described for cantilevers th a t are m echan­
ically polished. Loss m easurem ents obtained for polished silica substrates are generally 
higher than  those obtained from flame polished or flame pulled silica (Penn et al, 2005). 
This is because the surface of the silica will have been damaged by the abrasive polishing.
20
As mentioned earlier, the semi-empirical model from Penn et al, equation 3.1 decomposes :
the to ta l loss in fused silica into three soiuces. There is a  term  a ttrib u ted  to the frequency 
dependent bulk loss in fused silica (C'2 ( p |ç ) ‘^ ^)(Wiedersich et al, 2 0 0 0 ) and also energy
1
 ^ Y  F  C^(f)th (3.1)
The model is semi-empirical: the  constants ( Q , C 2  and C 4 ) are fitted from the results 
obtained from a num ber of experiments, each with their own error. If samples with a high
quality surface (e.g. flame polished or flame pulled) are m easured and the conditions of 
the  experim ent are favourable, it is possible to  produce loss m easurem ents th a t are lower 
th an  the model predicts. This has been seen in Glasgow w ith m easurem ents of flame 
drawn ribbon fibres (A .Heptonstall et al, 2006).
:„y
There is evidence to  suggest th a t the  structu ral surface damage layer is twice as thick as
ÎI
I
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^Gravity Probe B html: http://einatein.standford.edu/content/topics/pg4.html
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the  abrasive substance used to  prepare the samples^. For polishing, the typical particle 
size is 1pm. Therefore the  layer, of damage, ra the r than  a very shallow layer, could extend 
several microns into the silica.
The m easured loss of these polished silica cantilevers may be reduced by improving 
the quality of their surfaces. It is Imown th a t a significant increase in the  quality factor of 
silica has been achieved through the use of annealing. One reason for this might be th a t 
the  siuface of the silica is improved (Ageev et al, 2004). It is of interest to  discover if a 
similar reduction is seen in the  mechanical loss when the first few microns of the surface 
are chemically etched away.
AI
■Î
I
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3.3 E xperim ental Setup
It was necessary to calculate the etch rate accurately of a number of etchants: Ammo­
nium Difluoride and Hydrofluoric Acid (buffered and unbuffered). For the work carried 
out in this section to establish the etch rate of the various chemicals, two surface profiling 
machines are used: a Veeco optical profiling machine (WYKO NTllOO) and a Talysiuf 
contact profiling machine, see figure 3.1.
Figure 3.1: The Talysurf Contact Profiler is shown on the left, the Veeco Optical Profiler 
is on the right.
The WYKO optical profiler is a non-contact profiler: it uses interferometry to profile a 
sample surface. It has two operating modes the VSI and PSI.
The PSI (phase shifting interferometry) involves the sequential shifting of the phase 
of one beam of the interferometer relative to the other beam, which is being reflected 
from the surface of the sample. Since it is shifted by known amounts, measuring the 
resulting interference pattern allows details about the surface topography to be extracted 
(Caber, 1993). This mode is useful for resolving features less than 160 nanometers in size 
and therefore is appropriate for smooth surfaces e.g. polished and super-polished surfaces.
22
can be tracked along the x-axis. The t ip ’s m otion in the vertical plane is sensed by a 
coil-magnet transducer. Hence it can build up a profile of surface topography, bu t only 
in two dimensions (Bennet and Dancy, 1981).
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The VSI mode (vertical shifting interferom etry) operates by making incremental move- |
m ents of a m irror on one of the  arm s, un til a  maximum intensity p a tte rn  is observed.
Hence , by loiowing how far the  m irror has moved to  achieve m aximum  intensity, the size 
of the  corresponding surface feat m e can be determined (Zecchino, Novak and Schmit, 1
2006). This is done for each point on the surface. The VSI mode is used to  profile fea­
tures less than  2mm and was used for the m easurem ents taken later in this thesis.
The WYKO comprises a microscope and an interferom eter, so it can be very useful 
in providing three dimensional images of surfaces a t various m agnifications such as those A
shown in figure 3.2
;
The Talysurf profiler is a contact profiler: a  finely tipped diam ond stylus (2pm in 
radius) transverses the  surface. Since it moves with constant velocity, the diamond tip  ÿ
Both machines can provide a wealth of surface statistics. One sta tistic  th a t will be /
used later is the  mean peak-to-valley height In three dimensions, th is is typically >
calculated as the average maximum profile of the  ten  greatest peak-to-valley separations f
in the  evaluation area.
The etch ra te  of three common corrosive chemicals was determined: Ammonium Di- 
fluoride, Hydrofluoric Acid (HF) and Buffered Hydrofluoric Acid (Hydrofluoric and Am- 
m onimn Difluoride). A silica slide (Suprasil 3) was clamped and partially  immersed in
àeach of the chemicals. After a  given tim e, more of the chemical was added to  the beaker,
so th a t more of the  slide is immersed in the chemical. This is done repeatedly. As each y
23 A
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part of the slide spends more time in solution than the part above it, this has the effect 
of producing a series of steps across the surface of the silica.
Figure 3.2: Here we see a step on the Talysurf contact profiler (left) and the corresponding 
step as seen on Veeco optical profiler (right).
The steps can be seen clearly on both profiling machines in figure 3.2. By using the 
profiling machines to measiue the size of the steps it is possible to calculate the etch rate.
Since the interval after which more chemical is added is approximately the same, the 
steps are expected to be approximately the same size. Therefore a mean value of the 
step size and a standard error in these results can be calculated. This gives a more ac- 
cinate etch rate than in the case of a single measurement. Further, all the steps are 
formed under approximately the same conditions, which is of benefit as the etch rate is 
sensitive to a number of factors such as concentration and temperature (see Appendix A).
The procedure for both machines is outlined in the figure 3.3. The steps can be seen 
on the raw data profile from the talysurf contact profiler (3.3a). First, the computer is 
used to highlight the step of interest. The bottom of the step is “flattened”: the computer 
removes the incline from this part of the sample (3.3b and 3.3e). This makes the bottom  
of the step the reference point. This was done using the software included with both of 
the machines. Next, in the case of the Talysurf, we can zoom into the step and read the
24
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height off the Y-axis (3.3c). For the optical profiler, since the bottom of the step has been 
flattened, the step height is equivalent to the R  ^ statistic described earlier (3.3f).
(a)
(b)
(c)
Talysurf Contact Profiler
CTS
1[ ■
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r ( e )
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Veeco Optical Profiler
Histogram
Î /  \ .
Figure 3.3: The flow chart outlines the procedure to measure step size for each profiling 
machine.
25
CHAPTER 3. REDUCING MECHANICAL LOSS OF MECHANICALLY POLISHED
SILICA SURFACES THROUGH CHEMICAL ETCHING
There are a num ber of sources of error. There is the  error in the  length of tim e after 
which more of the etchant is added to  the beaker. In the  case of the HF, more solution 
was added every fifteen m inutes. However, as a result of hum an error, th is was taken to  
be fifteen m inutes ±  30 seconds. Further, there is the limit to  the  accuracy of the talysurf 
profiling machine. It is difficult to  see exactly where the transition  between the bottom  
and top  of the step ends (1.3c) because the limit of the vertical resolution of the machine 
is being approached. To isolate the  machine from backgroimd noise, it was placed on a 
heavy granite slab. However, the  machine was still not performing optimally. Therefore 
the  error in the resolution of the  talysurf was taken to be plus or minus 0.1 micron. The 
optical profiler, on the other hand, has a  vertical resolution of less th an  Inm  (for VSI), 
so the  error in its accuracy was taken to  be negligible in comparison to  o ther sources 
of error. The size of the steps should be equal since they correspond to  approxim ately 
the same length of tim e in solution. However, there is a spread of values for the step 
heights, allowing a standard  error to  be calculated. All of these errors are added together 
in quadrature to  produce a final error for each of the  etch rates.
26
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3 .3 .1  R esu lts
An example of how the etch ra te  of HF is calculated, including the error, is outlined. In 
table 3.1 there is a  list of the steps from the HF and their corresponding size in microns 
m easured by the Talysurf contact profiler.
S te p S ize  (m ic ro n s)
1 7.6
2 5.2
3 6.62
4 5.1
5 6.1
6 6.3
7 5.8
8 6.5
9 6.4
10 6.1
k —^ ^ = 6 ,1 7
Standard  Error — ;^ = 0 .2 3
Table 3.1: A list of step sizes in microns for the  five steps on either side of the Suprasil 
3 slide, w ith the m ean step size and the standard  error quoted. The slide was etched in 
Hydrofluoric Acid.
Using the da ta  above, the  etch ra te  of HF is calculated as follows. The etch ra te  in 
one hour x 4 — 6.17 x4  — 24.69 m icron/hr. Hence the etch rate  in one second =  
— 0.0069 m icron/s. There is an error of plus or minus th irty  seconds, after which 
more solution is added. This corresponds to  0.0069 x 30 =  0.21 micron. There is also 
an error of micron, the  sensitivity of the  Talysurf. Finally, all these errors are added 
together in quadrature. This gives: error=\/0 .21^ +  O.ffi +  0.228^ =  0.32 micron.
IIa
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Etchant Ammonium Difluoride Hydrofluoric Acid (40%) Buffered HF (40%)
Etch rate (microns per hour) 4.89± 0.39 24.69T 0.32 9.87T 0.20
Table 3.2: The etch rates of Ammonium  Difluoride (40g added to  200ml water), Hydroflu- y
oric Acid and Buffered Hydrofluoric Acid. All m easurem ents were carried out a t room 
tem perature.
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Hence the etch ra te  of H F =  24 .69  ±  0 .32  m ic r o n s /h r .  A similar calculation was 
carried out for the  o ther etchants. The results are in table 3.2 4Î
3.4 C om parison o f T ransition Line betw een  H F and  
Buffered HF
A comparison of the  transition  line (tha t is the  boundary between each of the steps as 
seen in figure 1.2) is made for for HF and Buffered HF, using the Veeco optical profiling 
machine. W ith  HP, not only is there etching of the silica th a t is immersed in the liquid 
b u t also, via evaporation, etching of the silica above the surface of the  liquid. Ammonium 
Difluoride is added to  the  hydrofluoric acid to  significantly reduce th is effect. One reason 
for this could be th a t making the solution buffered helps m aintain a constant pH a t 
the surface where evaporation occurs, thus m aintaining a constant etch rate. This is 
im portan t in the context of our experiment. The cantilever (suprasil 3 slide) is welded 
onto a larger silica mass to  reduce clamping losses. If the  slide is immersed in etchant to  
remove its surface layer, any etching above the surface of the  liquid could lead to  slight 
etching at the  weld. Therefore, to  prevent changes in the  quality of the weld. Buffered 
HF is the chemical chosen to  etch the cantilevers used to  study mechanical loss.
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Figure 3.4; The transition across each step for buffered HF (left) and HF (right)
Figure 3.4 illustrates the differences between HF when it is buffered and unbuffered. 
On the left the HF is imbuffered and there is a smooth but continuous transition across 
each step. However, in the case of the buffered HF, the change between each step is 
comparably very abrupt.
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3.5 C om parison b etw een  C ontact and N on-contact 
M easurem ents for E tch R ate
It is known th a t optical and contact profilers can sometimes disagree (Poon and Bhushan, 
1995), so it is of interest to  compare the results obtained when bo th  machines m easure 
the same sample. For a slide etched in Hydrofluoric Acid, the height of the steps across 
its surface was m easured using bo th  the  WYKO optical profiler and the  Talysurf contact 
Profiler.
Step Size optical profiler (microns) size contact profiler (microns)
1 7.6 6.90
2 5.2 5.65
3 6.62 6.16
4 5.1 5.89
5 6.1 7.17
6 6.3 5.20
7 5.8 5.78
8 6.5 5.68
9 6.4 4.63
10 6.1
.r=-^^=6.17 
Standard Error — 0.23
6.36 
.^= ^^= 5 .94  
Standard Error =  0.24
Table 3.3: Comparison of step size as seen by the optical and contact profiler. Each step 
corresponds to fifteen m inutes in Hydrofluoric Acid
The steps are compared in table 3.3. The m ean step heights do agree w ithin error. 
The etch ra te  for HF is — 24 .69  ±  0 .91 / h r  and 23 .76  ±  0 .96  / h r  for the  Talysurf 
and Optical Profilers respectively.
30
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3.6 Initial Setup
In th is section, our efforts to  measure the loss as a function of etch dep th  for a cantilever 
etched in Buffered HF, welded onto a silica block and fixed in a  steel clamp are discussed.
The mechanical loss results obtained from this initial set-up are over a m agnitude higher 
th an  the  predictions of the  empirical model.
A cantilever (polished suprasil 3 slide) of dimensions 75mm x 12.5mm x 0.5mm was 
welded onto a larger block of silica dimensions 20mm x 20mm x 20mm see figure 3.6.
Welding the cantilever onto a thicker block and then  clamping th is block in place is in­
tended to  reduce “stick-slip” losses associated with the cantilever flexing and grinding in
'4
the clamp (T .J. Quinn et al, 1995).
I
■■As surface loss was of interest, th in  cantilevers were chosen so th a t the to ta l loss was 
less likely to  be dom inated by bulk losses in the  silica. A th in  cantilever also makes the
A
silica welding more practical. The silica should be hot enough to  flow so th a t the join 
between the cantilever and larger block is seamless. In reality, due to the high melting 
point of silica (1723 °C), it is a  dilficult process. It is very hard  to  d istribute the heat 
evenly across bo th  surfaces. It can talce significant tim e to  produce a satisfactory weld. 
Overheating the silica can increase the likelihood of producing silica vapom* which would 
be deposited on the cantilever as dust. This will contribute to  the  surface loss and 
potentially contribute to  the  experim ent. This will be discussed later.
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This system is placed in a vacuum tank (see figure 3.5), the pressure of which is no 
more than 5 x 10~® mb. It can be shown that this pressure ensures that the measured 
loss is not limited by gas damping (S.M. Twyford, 1998).
Vacuum Tank
“Shadow Sensor" 
(Photodiode)
Figure 3.5: The setup used to measure the Q of the etched cantilevers
An electrostatic plate was used to excite each of the modes of the cantilever in turn. 
A laser shone on the cantilever casts a shadow that falls on a photodiode external to 
the tank. The motion of the shadow as the cantilever oscillates is recorded. When the 
electrostatic drive is switched off, these modes are allowed to decay, and from the rate at 
which they decay their quality factor can be determined (see chapter 2).
First the mechanical loss factor of the first four bending modes of the unetched can­
tilever are measured. Following this, the slide was held in buffered HF approximately 0.4 
cm below the weld point. This was to ensiue that etching did not occur near the weld.
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Figure 3.6: The suprasil 3 slide welded onto a larger silica mass
In the first instance, the slide was suspended in buffered HF for approximately six 
minutes (removing a 1 micron surface layer). The quality factors of the bending modes 
were remeasured. This was repeated until the slide had spent a total of 72 minutes in 
solution, therefore removing a total of 12 microns from the cantilever surfaces.
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3 .6 .1  R esu lts
From considering the data shown in figures 3.7 and 3.8, there appears little correlation 
between the measured cantilever losses and the time the cantilever spent etching in the 
solution. Where error bars are not present, they are too small to be visible on the graph. 
Due to the high quality of data obtained many of the results presented have standard 
errors two orders of magnitude smaller than the average values obtained. All important 
results will have standard errors quoted in tables later.
Loss vs Total Time In Solution for aii Modes
1.0E-02
40 60
1.0E-03
Ô 1.0E-04
1.0E-05
1 0 5 4 6
Time (minutes)
♦  85Hz 
■ 533Hz
1494Hz 
X2934Hz 
X4816HZ
♦  7242Hz
Figure 3.7: A plot of loss against total time in solution for all modes demonstrates that 
there is no obvious correlation between the etching of the cantilever and the measured 
losses.
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o 1.0E-06
1.0E-07
1.0E-08
1.0E-09
Lots Against Frequency For 500 Micron Slid» Etched In Buffered HF
1000 2000 3000 4000 5000 6000 7000 8000
X 18
X  36
Frequency (Hz)
T Ota I time in 
solution (minutes)
•Thermoelastic Loss 
Penn Total Predicted
Figure 3.8: The first set of loss results from the 500 micron thick cantilever etched in 
buffered HF. There is no obvious relationship between the measured loss and the length 
of time the cantilever spends in solution.
In figure 3.8 two theoretical curves have been included: the thermoelastic curve and 
the total loss predicted by the empirical model (see equation 3.1). When a comparison 
is made, the measurements are found to be almost two orders of magnitude higher than 
the theoretical curves. This suggests that the setup is dominated by some other form 
of loss that is not intrinsic to the sample itself. This is most likely clamping/recoil loss. 
Therefore, a new method for measuring the loss of these cantilevers of this size was used: 
they were welded onto a larger, suspended silica block.
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3.7 O ptim ized Setup
It was believed that the dominant source of loss, in the case of the cantilever being 
clamped, was energy dissipation in the clamp and clamping structure. By welding the 
cantilever onto a larger block (in this case a cylindrical test mass) and suspending this 
block as a pendulum, less energy is likely to be coupled away from system, see figure 3.9. 
There are a number of reasons why this is the case.
I Clamp I
^&iadow^ S«n^ Silk Threads
Broken Test Mass
Teflon C atcher
Electrostatic Drive Plate
Figure 3.9: A picture of the new suspension in the vacuum tank
In the first setup, the cantilever was welded onto a larger silica block which was fixed 
rigidly in a steel clamp. There is friction between the steel clamp and silica block. When 
the cantilever is oscillating, any grinding in the clamp will thus lead to energy dissipation. 
In the case of the new setup, however, the clamp is monolithic: the silica cantilever 
is directly welded to a larger silica test mass. Therefore this kind of clamping loss is 
effectively eliminated.
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rnx  +  bx  +  kx  — Fq cob w t.  (3.2)
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3 .7 .1  T h e S y stem  as a P en d u lu m
By suspending the test m ass as a pendulum  it is isolated from its surroundings. It is an 
example of a  dam ped driven harm onic oscillator of the  form (Pain, 2000):
W here m  is the  mass of the oscillator, k is the spring constant, 6 is a  constant and x  is 
the  displacement of the oscillator from equilibrium. The right hand side of the equation 
is the  sinusoidal driving force. From the theory of differential equations, this equation 
has a  solution composed of two parts,
■t
W here ~  ^  and cuf — ujq — ~  ^  and u r  is the resonant frequency and is given
by ujR — a/cUq — 2/?^. The phase satisfies tan  3 =  ^d(^) is the  transient part of
the  solution. It depends on the initial conditions of the system, but in any case as it is 
some fim ction m ultiplied by the term  exp it decays quickly. In the long run (large t) 
the  following steady state solution  persists:
x{f)  =  Acos(u;i +  P). (3.4)
This solution has the  frequency of the  driving force, i.e. provided by the electrostatic 
drive plate. The am plitude of th is oscillation is given by:
W here the damping p  is taken to  be fixed and the driving frequency uj as variable. Hence 
by looking a t th is equation, the  highest am plitude of the  system will result when the
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driving frequency is the  same as the resonance of the pendulum . This would occur if the 
cantilever was excited a t around 2Hz (this frequency was observed from the spectrum  
analyzer to have a relatively large am plitude w ith respect to  the  cantilever’s resonant 
m otion) and corresponds to  the  greatest energy dissipation into the surrounding struc­
ture. As long as the  frequencies of consideration are far from the pendulum  resonance, 
the  system  is effectively isolated from the rest of the  world.
This could explain later why it is difficult to  get an accurate m easm em ent of the 
fundam ental mode. This mode has the  lowest frequency and is therefore closer to  the 
resonance of the pendulum . Figure 3.10 shows the shape of the am plitude curve as a 
function of frequency.
i
%
■§
Î
Figure 3.10: Am plitude versus frequency for a  forced driven haimionic oscillator.
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3 .7 .2  T h e S y stem  as T w o C ou p led  O scilla tors
This system is an example of two coupled oscillators as shown in figure 3.11.
2Hz
“Cocptod 0 « c M o r«
m) 160Hz
Figure 3.11: The system can be modeled as two coupled oscillators. It is necessary to 
minimize A, the magnitude of the oscillation associated with the upper spring, because 
this allows the possibility of dissipation of energy into the surroundings.
The equations of motion for the system are:
—kixi +  k2{x2 — xi) =  rnix'i (3.6)
— k2{X2—X i ) —kiXi =  7712^ 2 (3.7)
Where fci and /c2 are the spring constants of the upper and lower spring and m i and m 2
are the masses of the attached oscillators as shown in figure 3.11. Re-arranging gives:
m2X2 T k2{x2 -  xi)  -f {kiXi) =  0
rriiXi — k2{x2 — Xi)  +  {k\Xi )  =  0
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W riting in standard  form;
We can write ^  and wj  =  These are loiown as the  first and second
£ 2  +  wlx2  +  = 0 (3.8)ÏTI2
£ i  — .T2 +  WiXi — 0 (3.9)m i
W
These equations have a well-known solution in the  form;
x i  = A  cos(wt F  (j)) (3.10)
X2  = B  cos{wt F  (}}) (3.11)
W here A  and B  are constants and to is the  frequency of the coupled system. Equation
3.10 can be substitu ted  into the differential equations giving,
- w ^ B F w l B  F  - ^ A  =  0 m 2
—w'^A F  w iA  — — B  F  =  0m i
40
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&2 ,X2 --------X2  +   Xi — 0m 2 m 2
m i m 2
partial frequencies associated w ith bo th  of the  springs. Wi is the  frequency of the cantilever
5'".,(were it oscillating separately) and W2  is the  frequency of the  penduhm i. This produces 
a pair of differential equations:
:
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This leads to:
m2
{wi — uP')A — — Bm i
Finally, by dividing these two equations and substitu ting  for Wi and W2  we find:
A  ^
B  m i
To minimize the energy dissipated from the system, the am plitude of the  oscillation, A, 
m ust be m ade small. Since term  --2 3 —2 is a  slowly varying function of m i and m 2 (Khus- 
nutdinova and Pelinonsky, 2002), th is can be m ade arbitrarily  small by ensuring th a t m 2 , 
the mass of our test mass, is large in comparison to  the m ass of our cantilever, m i. By 
m aking the test mass large compared to  the  cantilever, the recoil of the  test mass when 
the cantilever is excited is reduced and therefore less energy is dissipated away from the 
system.
Further experim enting was carried out on th is system in order to  optimize the mea­
sured losses. Such questions were considered as, what is the optim um  way of suspending 
the test mass? Does the loss m easured depend on the condition or quality of the test 
mass?
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3.8 R esu lts
3 .8 .1  1m m  Slide
Experim ents were carried ont on a 1mm thick slide (75mm x 13mm x 1mm) welded to  
an old cylindrical test mass (diam eter 65mm, length 70mm).
W hen searching for a  test m ass to  experim ent with, a  test mass was found with a piece 
broken from it. Out of curiosity it was decided to  investigate how the  measured loss of 
our cantilever varied depending on the “condition” of this test mass. Three cases were 
examined; the  broken piece sellotaped in place, the broken piece completely removed and 
finally, the broken piece bonded precisely in place using Hydroxide Catalysis bonding. 
Bach of these cases is considered in turn .
;
Î
I
f
First, the  broken piece was taped  in place using sellotape. In addition to taping the 
piece in place, the  effect of changing the  suspension of the  test mass was investigated. 
The losses of the cantilever were m easured when the test mass was suspended on two silk 
threads, one silk thread, and finally w ith no suspension. The lowest losses were obtained 
when the test mass was hung on a single silk thread. These results, including the standard  
errors, are summ arized in table 3.4.
Mode Suspended On 
Two Silk Threads
No Pendulum 
(Sitting On Teflon Catcher)
Suspended On Single 
Silk Thread
Fundamental 157Hz 
2nd 961Hz 
3rd 2677Hz 
4th 5215Hz 
5th 8561Hz
(5.95 ±  0.016} X l Q - ‘» 
(1.20 ±0.008) X 10-4 
(8.90 ±  0.31) X 10-s 
Not Measured 
Not Measured
(8.40 ±  0.05) X 10-4 
(1.13 ±0.05) X 10-4 
(1.19 ±0.05) X 10-4 
Not Measured 
Not Measured
(2.748 ±  0.004 ) X 10"^ ’ 
(9.79 ±  0.05) X 10-5 
(1.14 ±0.01) X 10-4 
(2.90 ±  0.08) X 10-5 
(1.086 ±  0.009 ) X 10-5
Table 3.4: The set of results w ith the  broken piece taped  back onto test mass.
i
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Pendulum/No Pendulum
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1.0E-02
1.0E-03
1.0E-04
1.0E-05
♦  M easured L oss Witt-) 
Pendulum  
A  M easured L oss Wittiout 
Pendulum  
Penn Total
1.0E-06
1.0E-07
1.0E-08 Miermoe astic Curve
1.0E-09
Frequency (Hz)
Figure 3.12: A comparison of the measured losses of the modes when the test mass is hung 
on a pendulum and when it is just sitting on the Teflon Catcher. For the fundamental 
mode, there is a clear improvement when the test mass is suspended as a pendulum.
From figure 3.12 it can be seen that the results for the 1mm thick slide are still several 
orders of magnitude higher than predicted by Penn’s model.
In the next setup the broken piece was completely removed. All of the modes showed 
a large increase in quality factor. This suggests that the sellotape was a dominant source 
of loss in the previous setup. Firrther experimenting was undertaken on different config­
urations of the suspension. A double silk loop was used again but this time the clamp 
was modified so the loops were closer together (from 10 cm separation, to 1.5 cm) around 
the center of mass of the system (which is approximately the center of the test mass). 
Moving the loops closer together was found to be an improvement but still not as good 
as the case of a single loop.
As the lowest losses were obtained with a single loop, this loop was made as short as
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Mode Suspended On 
One Thread (5cm)
Double Loop 
1.5cm Apart
Suspended On 
One Thread (1.5cm)
Fundamental 157Hz 
2nd 961Hz 
3rd 2677Hz 
4th 5215Hz 
5th 8561Hz
(4.26 ± 0.04) X 10-G 
(5.49 ±  0.008) X 10-6 
(7.119 ±0.09) X 10-6 
(6.511 ±0.008) X 10-6 
Not Measured
(8.26 ±  0.03) X 10-6 
(5.615 ±  0.008) X 10-6 
(5.152 ±0.009) X 10-6 
(6.56 ±0.01) X 10-6 
Not Measured
(1.99 ±0 .2 ) X 10-6 
(5.33 ±  0.09) X 10-6 
(6.47 ± 0 .2 ) X 10-6 
(6.28 ±  0.04) X 10-6 
Not Measured
Table 3.5: The set of results with the broken piece removed from test mass- all of the 
modes show decreased loss over the case where the broken piece was taped in place.
possible to see if changing the length of the penduhmi reduced the measured loss. This 
was achieved by moving the clamp from the top of the frame to the underside as shown 
in figure 3.13. The test mass was raised with a lab jack and a thin piece of teflon placed 
between the test mass and the clamp to form a space. The thread was put under tension, 
near to breaking stress, prior to clamping. The teflon piece was removed and then the 
lab jack was lowered. Hence the suspension length was minimized, as the silk thread was 
drawn out minimally by the weight of the test mass. This result produced the lowest 
measured loss as seen in table 3.5.
Figure 3.13: The test mass suspended on a double loop (left). The clamp was moved to 
the underside of the frame, in order to make the suspension as short as possible for the 
single loop (right).
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Measured Loss: Long Loop. Short Loop. DouMe Loop
3000(000 1500 2000 2500
1.00E-05
—  T h » n io ila j tk  Curv*1.00E-061
1.00E-08
Frequency |Hz|
Figure 3.14: For the fundamental mode, the short silk suspension clearly gives the lowest 
measured loss. The other modes agree within error for the long/short thread. The double 
loop is the worse for every mode.
M easu red  L o ss: B roken  P iece  T aped  In P lace/R em oved/bonded 
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Figure 3.15: The measured losses when the broken piece is taped in place, removed and 
bonded using hydroxide catalysis bonding. Where the green points are not visible, they 
lie behind the blue ones.
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Mode Broken Piece Bonded In Place Piece Removed
Fundam ental 157Hz 
2nd 961Hz 
3rd 2677Hz 
4 th  5215Hz 
5th 8561H
(1.83 ± 0 .0 2 ) X 10-5 
(5.49 ±  0.03) X 10-G 
(6.81 ±  0.03) X 10-G 
(6.24 ±  0.05) X 10-G 
(6.91 ±  0.06) X 10-G
(1,99 ± 0 .2 )  X 10-5 
(5.33 ±  0.09) X 10-5 
(6.47 ±  0.2) X 10-5 
(6.28 ±  0.04) X 10-5 
Not M easured
Table 3.6: A lower loss is obtained when the piece is removed over the  case where it is 
bonded in place (The test m ass was suspended from one short silk thread  in bo th  cases).
I
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Finally, the  system was m easured when the broken piece was bonded in place using 
Hydroxode-Catalysis bonding. We used 15ul of KOH solution, of concentration 0.1 mol/1. 
The results for this, while still an  improvement over the sellotaped case, were not b e tte r  
th an  the case of the piece being completely removed see figure 3.15
It is interesting to  ask why lower losses are m easured with one silk thread  ra ther than  
two. One reason could be th a t one loop has less surface contact w ith the  test mass. Fric­
tion between the thread  and the test mass will result in loss. Also, a  single loop will be in 
contact only a t the  center of mass of the  system, the place of m inimum  motion, resulting 
in less friction. Further, w ith one loop the quantity  of silk used is less th an  in the  case of 
two loops therefore less energy is dissipated away through the thread.
In addition to  m easuring lower losses w ith a  single short silk thread, it was also foimd 
to be more practical to  suspend the test mass in this way. The shorter suspension system 
was observed to  be more stable, tending not to  oscillate as much about its center of mass. 
It is a  real problem w ith the  longer suspension th a t if the  system is perturbed  in someway 
(i.e. by banging of a  door, knocking bench etc) the  rocking mode can be excited to  a  high 
level, overloading the lock-in amplifier and making m easm em ents difficult.
4:4
S
S
In all cases, however, the  fundam ental and the second mode were the most sensitive
46 ■1:4
4
4
1
•I
CHAPTER 3. REDUCING MECHANICAL LOSS OF M ECHANICALLY POLISHED
SILICA SURFACES THROUGH CHEMICAL ETCHING
modes to  changes in the test m ass and suspension. This was particularly  true of the  fim-
dam ental mode. Therefore, it is possible th a t these modes are suspension limited. One 
reason for th is might be because they are closest to  the resonance of the  penduhm i (see 
previous section). No conclusions about the sample were reached when looking a t these 
modes.
After some experim enting, it was found th a t the optim al arrangem ent was to  have the 
test m ass suspended on a short, single silk thread. Not only because for all the modes
%
I
(particularly the  fundam ental mode and the 2nd mode) the  lowest losses were m easured
.bu t the  setup was also more stable w ith th is configuration.
Î
4
I
4 ::i
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3 .8 .2  500 M icron  T h ick  Slide
A 500 micron (75mm x 13mm x 0.5mm) thick cantilever was welded to a new pristine 
test mass (diameter 65 mm, length 70mm). The test mass was again suspended from a 
short, single silk thread.
From looking at figure 3.16, the conclusions drawn earlier were correct: cantilevers of 
this size when measured using the old clamping system (silica welded to large block, in 
steel clamp) are dominated by clamping losses. The new measurements are far closer to 
those predicted by the empirical model. An obvious correlation between loss and etch­
ing was not observed previously, because the measured losses appeared to be completely 
dominated by clamping loss.
Lo«« Against Frequency - Old Svstem/New
1 .OE-03
6000 7000 8000
1 .OE-04
1 .OE-06
1 .OE-06_i
▲ 12 
V 181 .OE-07
•  72
«— Therm oel«*tic
Penn Total Predicted 
A  New Suepenelon
1 .OE-08
1 .OE-09
Frequency (Hz)
Figure 3.16: The initial results from the old setup (silica cantilever welded to a block and 
fixed in a clamp) have a far higher loss than the new setup (silica cantilever welded onto 
a test mass and suspended as a pendulum).
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The etching of this 500 micron thick cantilever was repeated as before. This time, 
a two micron layer was etched from the surface. These results are in table 3.7 and are 
plotted in figure 3.17
Mode Unetched Cantilever Three Minutes Total Six Minutes Total Twelve Minutes Total
1st
2nd
3rd
4th
5th
(6.8 ± 0 .2 ) X 10-^ 
(1.81 ±0.01) X 10-"^  
(2.31 ±  0.02) X 10-"^  
(2.570 ±  0.002) X lO""^  
(2.39 ±  0.04) X 10-"^
(4.41 ±  0.08) X 10-^ 
(1.86 ±0.07) X 10-"^  
(1.54 ±0.03) X 10-"^  
(1.47 ±0.02) X 10-"^  
(1.490 ±0.003) X 10-"^
(4.54 ± 0 .1 ) X 10-G 
(1.86 ±0.04) X lO-"^  
(1.61 ±0.02) X 10-"^  
(1.61 ±0.03) X 10-^ 
(1.60 ±0.07) X 10-G
(1.71 ±0.02) X 10-^ 
(1.90 ±0.07) X 10-G 
(1.79 ±0.02) X 10-"^  
(1.65 ±0.001) X 10-® 
(1.61 ±0.07) X 10-®
Table 3.7: The loss results of the cantilever etched in buffered HF. The greatest reduction 
in loss is after the first 0.5 micron layer is taken off the simface.
L o tt A aalntt Fraquancv For 500 Micron Slid# Etchad In BufTarad HF
1.0E-05
1.0E-06
1.0E-07
1.0E-08
♦ 1000 2000 3000 4000 5000 6000
Frequency (Hz)
— T h »im o*la< tlc  Lot«
A 500 inicioii slid* unetched  
♦  6 mill total ( 1 m icron off surface)
P enn  Total P redic ted  Loss 
♦  3 mill buffered HF 0.5 m icron off surface 
■ 12 ruin total
Figure 3.17: The measured loss as a function of frequency taken from the etched cantilever.
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Loss Against Etch Depth
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2.6E-07
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Etch depth (microns)
2.5
♦  3rd Mode 1657Hz ■  4th Mode 3233Hz 5th Mode 5315Hz
Figure 3.18; Loss as a function of etch depth, for modes 3,4 and 5.
Rather than plotting loss against frequency, loss as a function of etch depth is plotted 
in figure 3.18. Only modes three, fonr and five were considered because the first two 
modes may be suspension limited.
This produces a very interesting result: there is quite a large reduction in loss after 
the first 0.5 microns is removed. This implies that the lossy layer is a maximum of 0.5 
microns deep. Etching more than 0.5 microns appears to result in an increase in the 
measured losses, some possible reasons for this are discussed later. Further investigation 
to see if the layer is shallower than this will have to be undertaken. However, if we assume 
for now that all of the loss due to the polishing is a result of some damaged layer that 
extends 0.5 microns into the smface, the loss associated with just this thin layer can be 
calculated. Also an altered surface loss term for the empirical model can be obtained for 
silica that has a 0.5 micron damaged surface layer due to polishing.
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3.9 E stim ate o f th e  M echanical Loss associated  w ith  
a P olished  (D am aged) Silica Surface Layer
First recall th a t Penn’s equation for the  to ta l fused loss in silica can be decomposed into 
three terms:
 ^ ^  (3.13)
For each of the modes of the cantilever, the  values for each of these three term s is 
calculated and shown in table 3.8.
Prequency(Hz) Bu]k(C2(T^)°=') Surface Loss (C 'i(^)) Thermo-elastic {C4 t^h) Total - Surface
96 1.9 X 10- 1^ 2.98 X 10-8 2.39 X 10-7 2.39 X 10-7
596 8.35 X 10- ^ ° 2.98 X 10-8 3.89 X 10-8 3.98 X 10-8
1657 1.92 X 10-9 2.98 X 10-8 1.40 X 10-8 1.59 X 10-8
3233 3.30 X 10-9 2.98 X 10-8 7.17 X 10-9 1.05 X 10-8
5315 4.95 X 10-9 2.98 X 10-8 4.36 X 10-9 9.31 X 10-9
Table 3.8: The predicted results for each of the term s in Steve P enn’s Em pirical Model 
(these num bers are obtained by plugging in the  dimensions of our cantilever into the 
formula for the  empirical model, equation 3.13).
In  table 3.8, the to ta l loss is calculated as the  sum of the therm oelastic term  plus the  
bulk loss term . For the m oment, the contribution from the surface loss is not included - 
we want to  calculate a  new for the  case where the silica is polished.
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The first step in the analysis, is to  take the  loss for each of the  modes in the  case where 
the cantilever is un-etched and subtract the  loss measured for each mode after the 0.5 
m icron layer is etched from the surface. This improvement is a ttribu ted  to  the reduction 
in surface loss due to  the  damage in th a t 0.5 micron layer being etched away as shown in 
figure 3.19. Assuming th is surface loss to  be frequency independent, a  new value for (ps is 
obtained by taking the m ean and standard  deviation of these results.
L oss  A gainst Freg For 500 Micron Slide E tched In Buffered HF
1.00E-06
1090 1500 2000 2500 3000 3500 4000 4500 5000
o 1.00E-07
1.00E-08
“Improvement” in 
su rface after 0.5 
e tcfied
—  Penn Tot)! Predicted Loss 
□ SOO micron slide unetched
0 3 tnin huffered HF 0.5 micron off 
surfoce
Recoil lo sses/ 
welding lo sse s  etc
Frequency  (Hz)
Figure 3.19; The first improvement is a ttribu ted  with stripping the damaged surface away. 
There may be a num ber of reasons why results closer to  the  theoretical curve cannot be 
attained.
Despite a reduction in loss after the first etch, the  results are still higher than  pre­
dicted by the empirical model. Further etching of the cantilever yields higher losses. Some 
possible reasons for this are discussed later. In the  next step, the  difference between the 
lowest loss obtained (after the  0.5 layer is removed) and the empirical model is calculated. 
This difference is a ttribu ted  to  some o ther source of loss, such as recoil loss or loss due to  
stress or damage at the  weld. This analysis is shown in table 3.9.
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Prequency(Hz) Calculated Surface Loss Recoil Loss
96 2.43 X 10-8 4.14 X 10-8
596 - 5 .8  X 10-9 1.17 X 10-7
1657 7.76 X 10-8 1.08 X 10-7
3233 1.10 X 10-7 1.07 X 10-7
5315 9.01 X 10-8 1.10 X 10-7
Average (modes 3,4,5) 9.25 ±  0.93 X 10-8 1.08 ± 0 .0 1  X 10-7
Table 3.9: The calculated surface and recoil losses for our sample (assuming th a t the 
additional excess loss is recoil).
3
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Hence a new value for (ps —9.25 x lO"® is obtained. W hen compared to  the current 
value (given by the empirical model) for cantilevers of this size, cps=2.98 x lO” ^^  not 
surprisingly it is larger - by over a  factor 3. It is also interesting ra ther than  calculating 
a replacem ent term  for Penn’s equation, to  calculate how lossy th is layer is.
A simple model for the  surface loss is based on the assum ption th a t a  surface layer of 
some thickness exists th a t uniformly exhibits a higher loss th an  the bulk of the  m aterial 
(consistent with Hept oust all et al, 2006). The loss of the surface layer itself, <p sur face, is 
given by the m easured surface loss, m ultiplied by the ratio  of the  energy stored in the 
surface layer, Esrface, to  the  energy stored in the  bulk of the  cantilever, Etuik, as it flexes:
M ^ s u r fa c e  ^
T S  rp Y  su r  fa ce■^ bulk (3.14)
It is further shown in H eptonstall et al (2006):
3h 4^surface (3.15)
W here h  is the  thickness of the dissipative surface layer - 0.5 microns - and a  is
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the to ta l thickness of our substrate , 500 microns. Note equation 3.15 is derived on the 
assum ption th a t the Young’s m odulus of the  surface is the same as for the bulk (there is 
some evidence th a t because of surface dam age/ pollu tants etc it is effectively a different 
m aterial and so it m ight be stiffer- bu t th is possibility is not considered here). Equation 
3.15 is rearranged and the values for (ps given in table 3.9 are substitu ted  for each mode. 
These results are shown in table 3.10. Again, assuming the surface loss is frequency 
independent, the m ean surface loss is calculated.
Frequency (Hz) Calculated Surface Loss In First 500 microns Q ( ^ )
1657 2.59 X 10-5 3.87 X 10^
3233 4.67 X 10-5 2.14 X 10^
5315 3 X 10-5 3.33 X 10^
Average 3.4 ± 0 .6  X 10-5 3.1 ± 0 .5  X 10^
Table 3.10: Calculated loss for the  first 0.5 micron surface layer of the  studied 500//m 
thick cantilever.
3.10 D iscussion  and C onclusion
The constants used in the  model from Penn et al, depend only on the type of silica used. 
However, the  quality of the  surface of the  silica is clearly also im portant. It is found th a t 
m easurem ents of silica w ith a high quality surface produce results th a t lie closer to  those 
suggested by the model (Heptonstall et al, 2006). A new value for the  m odel’s surface 
term  (pg — 9.25 x 10~8 is calculated for the  case where the silica has been mechanically 
polished. This new value, when combined w ith the postulated levels of recoil, brings the 
model into line w ith the m easured results after the first 0.5 micron etch. This was a factor 
three larger th an  the current value calculated for cantilevers of th is size of (ps=2.98 x 10“8. 
The difference between these two values is m ost likely a ttribu ted  to  the  fact th a t the  (pg 
in the  empirical model is weighted by m any of the samples having flame polished or flame
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Figure 3.20: Stress (seen here through polarizers) around the weld area may be one reason 
why we can’t get closer to the level of loss suggested by the empirical model.
pulled surfaces. Such surfaces are known to exhibit lower levels of loss (Penn et al, 2005).
The lossy layer of damage of a mechanically polished silica cantilever was found ex­
perimentally to extend up to 0.5 microns into the surface. The loss associated with this 
layer was calculated to be 3.4 ± 0 .6  x 10“5. This is an important figure, because the silica 
test mass mirrors in interferometric gravitational wave detectors are also mechanically 
polished. This additional information will help when estimating the level of thermal noise 
in such a detector. However, further experimenting will need to be carried out to more 
accmately determine this munber, because the results obtained show evidence of other 
soiuces of loss which require to be minimized.
One possible source of excess loss is material stress around the weld area between the 
cantilever and the test mass. When the weld area was examined through polarizers, a 
significant degree of stress is seen (see figure 3.20). Earlier the difficulties in welding two 
large silica samples was discussed, so welding losses may require improvements.
With regard to the experimental procedure, it is possible that the depth of damage 
due to polishing is less than 0.5 microns. The maximum possible improvement in loss by 
etching may have been “missed” if the further etching was degrading the surface quality
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in some way, such as by chem ical/structural damage. Conversely, it is possible the  dam ­
aged layer may be deeper th an  0.5 microns. Only a to ta l of 2 microns was taken off the 
surface. It could be instructive to  repeat the experim ent w ith etching deeper in addition 
to  etching in smaller increments. It m ay also be of interest to  verify th a t the  observed 
improvement in m easured losses after etching was not as a result of some other effect.
In short, the results presented here suggest th a t the loss associated with a  sub-micron 
damaged surface layer due to  mechanical polishing, may be higher th an  current models 
for fused silica suggest.
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For example, during the  initial etch it is possible th a t o ther contam inants were re­
moved from the surface such as silica dust deposited during the welding. This could 
account for the initial reduction in the  m easured loss. After this, further etching may 
have led to  gradual and continual increase in surface loss.
The empirical model is weighted between silica w ith “pristine” surfaces. This kind of 
pristine siuface can be achieved when silica is flame-drawn or flame polished. In addi­
tion, annealing silica m ay also improve the  quality of its surface and hence significantly 
decrease the m easured loss (Ageev et al, 2004). However, the  a ttem p t to  fabricate these
“ideal” silica sm'faces, from mechanically polished substrates, through chemical etching
.was not completely achieved here. Further optim ization of the etching procedure (perhaps 
by using different chemical etchants) may lead to  further improvement in surface loss. It 
could be th a t, in the  case of buffered HF, after an initial improvement, further etching 
may be causing chemical damage to  the  surface. Thus beyond an initial improvement, it 
is possible the  losses will only increase.
C hapter 4 
In v estiga tion s o f  th e  M echanical 
Loss a sso c ia ted  w ith  D ie lectr ic  
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4.1 Introduction
In interferom etric gravitational wave detectors the  test mass and suspension elements con­
sist of m aterial w ith a low mechanical loss to  reduce off-resonance therm al displacement 
noise. An im portant area of research is the development of the high reflectivity optical 
coatings for the test mass substrates. As th is is the  region where the laser beam  is inci­
dent, dissipation from the coatings will contribute strongly to  the  therm al displacement 
noise. These coatings currently take the  form of multilayered dielectric coatings.
A dielectric coating consists of a num ber of layers of alternating dielectric m aterials 
w ith different refractive indices. It is the  varying indices of refraction (high and low) 
th a t give rise to  the  reflectivity of the coating. The coatings used in the initial inter­
ferom eters were a lternating  ^ layers of silica and tan ta la  (T a 2 0 5 )(H arry et al, 2006). It
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has been found th a t the  tan ta la  component of these coatings was the dom inant source of 
the  mechanical loss (Harry et al, 2006). One particular area of research is underway to  
minimize the mechanical loss of tan ta la  through doping. M easurements made of single 
layer coatings of silica, tan ta la  and doped tan ta la  are discussed.
4.2 U ncoated  Silica C antilever R esu lts
The results of m easurem ents of the mechanical loss of seven un-coated silica cantilevers 
(0.11mm X 5mm x 45mm) are outlined. The cantilevers were m easured in preparation 
for being coated w ith single layer coatings of silica, tan ta la  and doped tan ta la  by collabo­
rato rs a t LMA in Lyon, France. The mechanical loss of each cantilever is compared before 
and after it is coated. The increase in mechanical loss is then  entirely a ttribu ted  to  the 
mechanical loss of the  coating. Estim ates of the  mechanical loss in single layer coatings 
can help us to  build a b e tte r  picture of the losses associated with the  m ulti-layer coatings 
in interferom etric gravitational wave detectors.
Six of the  samples were welded onto silica slides of approxim ate dimensions 10mm x 
10mm X 1mm . A seventh sample was welded onto a thicker end piece (5mm thick). 
This was to  investigate w hether increasing the dimensions of the end piece resulted in a 
decrease in the m easured loss, which m ight suggest some form of clamping losses. Since 
all of the  cantilevers have approxim ately the same dimensions, the  m easured mechanical 
losses of the  cantilevers should be likewise approxim ately the same. The results for these 
cantilevers are shown in figure 4.1.
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Comparason uncoated samples 1,2.3.4,5.6 & 7
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Figure 4.1: The m easured losses of the  seven imcoated silica cantilevers.
Small variations in the  frequencies of the  bending modes between each of the  cantilevers 
were observed. The spread of frequencies is particularly  noticeable a t higher frequencies. 
The equation to  predict the  bending modes is given by 4.1:
(W ): (4.1)
From equation 4.1 there is a dependency on the frequency of the bending modes on 
the length (/) and thickness (a)* of the cantilevers. Hence slight variations in the length 
and thickness of the  samples are likely to  accoimt for the slight differences in the observed 
spread of frequencies of the  bending modes.
From looking a t 4.1, all of the  cantilevers have approxim ately the same mechanical loss. 
Further, the  cantilever welded to  to  the  thicker end piece falls in line with the rest of the 
results, suggesting th a t clam ping losses are unlikely to  be dom inating these measurements.
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In sample 1 there is a mode at 2279 Hz th a t does not feature in the  other samples. 
It is not a  bending mode because it is not predicted by equation 4.1. It therefore m ust 
be some form of torsional mode. This mode, however, has a  higher loss th an  all of the 
o ther modes by an order of m agnitude. This is most likely due to  energy coupling to  
the  clamping structure for th is particu lar mode. Such energy coupling can occur when 
the frequency of the resonant cantilever mode coincides w ith a resonance, or harm onic, 
of the  clamp. F m ther investigation would be necessary here to  determ ine the nature  of
i
the  energy coupling, perhaps by using piezo transducers or finite element analysis.
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LMA CLAMP
Uncoated ElectrostaticCantilever Drive Plate
Figure 4.2: A picture of the LMA clamp in our tank
The mechanical loss of one further im-coated cantilever was measured. This cantilever 
was put in the LMA clamping system and then fixed in one of our vacuum tanks, see 
figure 4.2. In Glasgow, clamping losses are minimized by welding the cantilevers onto 
larger silica blocks which are clamped rigidly in place. In LMA, they do not have the 
facilities for flame or laser welding, so instead they focus on improving the clamp. It is 
interesting to compare the losses of an un-coated cantilever measured with our system  
and an im-coated sample measured by the LMA system. However, it should be noted 
that the clamps are prepared very carefully in France before a new sample is locked in 
place. The clamping surfaces are polished with very fine sandpaper.
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Comparason Measurement Uncoated Sample LMA/Glasaow
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Figure 4.3: A comparison of the results obtained for the loss measurements of one of the 
uncoated cantilevers measured using the LMA and Glasgow systems. The mechanical loss 
for the fundamental mode in the LMA setup has a much higher loss which could suggest 
a problem with recoil loss for this setup.
4.3 C oated Silica C antilevers R esu lts
To calculate the coating losses, the energy ratios for each of the coated samples must 
be calculated. The Young’s modulus of tantala (doped and undoped) was taken to be 
Ytantaia =  1 4  x lO “ . The Young’s modulus of silica is quoted as YsUica =  7 .2  xlO^®. 
The coating is applied in a uniform 500 nm thick layer. The energy ratio is calculated 
using the formula:
Q T coatin g  ^coatingH/ D  — o — --------------- X
V ca n tilever ^cantilever
Icoating Is the thickncss of the coating (500nm), IcantUever is the thickness of the cantilever 
110/rm (4.2)
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Hence for each of the  coatings the calculated energy ratio  is shown in table 4.1
T antala  Doped 2 . 6 5  X 1 0 - 2
T antala  Un-doped 2 . 6 5  X 1 0 - 2
Silica 1 .3 6  X 1 0 - 2
Table 4.1: The calculated energy ratios for doped tan tala , tan ta la  and silica
Next the  inverse of the  energy ratios are multiplied by the difference in measured loss 
before and after the  coating is applied. This gives a  calculated value for the  coating loss. 
The losses obtained for tan ta la , doped tan ta la  and silica are given in tables 4.2, 4.3 and 
4.4. They are compared in figure 4.4 on the next page.
Frequency Coated Un-coated 4>ô Coating Loss
2139 (1.56 ±0.02) X 10-^ (5.190 ±0.008) X 10-^ 1.04 X  10-5 ±93 xlO -4
3543 (1.740 ±0.004) X 10-^ (5.38 ±0.20) X 10-^ 1.20 X 10-5 .±63 xlO -4
Table 4.2: The calculated coating losses for a cantilever coated w ith a  500 nm  thick layer 
of un-doped tan tala.
Frequency Coated Un-coated (i>0 Coating Loss
2139 (1.32 ±0.01) X 10-5 (5.190 ±0.008) X10-5 8.01 X 10-5 3.02 xlO -4
3543 (1.32 ±0.01) X 10-5 (5.38 ±0.20) X 10-5 7.82 X 10-5 2.95 xlO -4
Table 4.3: The calculated coating losses for a  cantilever coated w ith a 500 nm  thick layer 
of doped tan tala .
Table 4.4: The calculated coating losses for a  cantilever coated w ith a  500 nm thick layer 
of silica.
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Frequency Coated Un-coated 4>s Coating Loss
2139 (6.200 ±0.001) X 10-5 (5.190 ±0.008) X 10-5 1.01 X  10-5 7.41 xlO -5
3543 (7.00 ±0.01) X 10-5 (5.38 ±0.20) X 10-5 1.62 X  10-5 1.19 xlO -4
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Figure 4.4: A com aparason of the  coating losses of tan tala , doped tan ta la  and silica. 
Silica has the  lowest m easured coating loss. Doped tan ta la  is observed to  have a lower 
m echanical loss th an  in the undoped tan tala .
The results presented here show th a t silica has the  lowest coating loss overall and th a t 
doped tan ta la  has a  lower m easured loss th an  case where the tan ta la  is not doped. This 
is consistent w ith results presented elsewhere (e.g. Harry et al, 2006).
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4.4 E stim ation  o f Surface Loss associated  w ith  U n- 
C oated Sam ples (P olished, A nnealed)
The un-coated samples m easured are mechanically polished. It is interesting to  compare 
the value obtained for the  loss if th is lossy layer is 0.5 micron deep as determ ined in the  
previous chapter. However, the comparison is not straightforw ard as these samples have 
been annealed. As discussed, it is found th a t annealing silica substrates can lead to  a  
reduction in the m easured mechanical loss.
F irst the  average loss of the  seven un-coated cantilevers is calculated. The difference 
between the average loss and the  empirical model, the excess loss, could be a ttribu ted  to  
surface loss associated w ith the mechanical polishing see table 4.4.
Mean Loss For Uncoated Samples 1.2,3.4.5.6 & 7
1 .OOE-04 "I
1 .OOE-05
—  Penn Predicted 
Loss A Average Loss
1 .OOE-06 -
1.00E-07
Frequency (Hz)
As w ith the coating losses, the  excess loss, 3 x 10~*^ , is m ultiplied by one over the  energy 
ratio  as given by equation 4.2 . The Young’s m odulus of the surface and the substrate are 
taken to  be the same. This gives 2.1 x 10"^ for the  loss a ttribu ted  to  mechanical polishing 
which is approaching a factor of approxim ately six higher than  the value of 3.4 x 10~^
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Mode Average M easured Loss Empirical Model Predicted Excess Loss
342 4.29 X  10-® 9.81 X  10-® 4.19 X  10-®
963 1.99 X 10-® 5.51 X  10-® 1.93 X 10-®
1890 2.16 X 10"® 4.42 X 10-® 2.12 X 10-®
3106 3.96 X 10-® 4.05 X 10-® 3.92 X  10-®
M ean Excess Loss: 3.04 x 10"®
Table 4.5: The difference between the average loss and the empirical model, the excess 
loss, could be a ttribu ted  to  surface loss associated with the mechanical polishing. The 
mean excess loss is calculated above.
obtained in chapter 3. This increased level of surface loss for these thinner samples could 
be a ttribu ted  to  a larger degree of surface dam age/or thicker region of surface damage 
arising from the polishing of these particular samples.
4.5 C onclusions
Single layer coatings of silica, tan ta la  and doped tan ta la  were measured. It was found th a t 
the silica coating had the lowest level of measured mechanical loss overall a t 3.77 x 10” .^ 
It was also found th a t doped tan ta la  had a lower level of measured loss than  tantala, 
2 .9 6 5  X 1 0 ^ 4  in the doped c a s e  compared to  4 . 2 4  x  1 0 " ^ .
Additionally seven un-coated samples were measured and they were found to have 
approxim ately the same level of loss 10"®). The excess loss between the average value 
of the losses obtained from these cantilevers and the empirical model was determined. This 
excess loss was a ttribu ted  to a  0.5 micron deep damaged surface layer due to mechanical 
polishing as determ ined in the previous chapter. The loss associated with this layer was 
found to be 2.1 x 10"“^, larger th an  value of 3.4 x 10"® obtained in chapter 3. It was 
not known w hat effect the annealing process would have on the results presented in this 
chapter.
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The results presented within this thesis show clearly th a t the level of mechanical loss 
associated with mechanical polishing of silica substrates may be higher than current 
models suggest. The damaged layer was estim ated to be 0.5 micron deep with a loss 
of 05—2.98 X 10"® which is three times higher than  the surface loss predicted by the 
current empirical model. This is of im portance when estim ating the level of therm al noise 
in current and future gravitational wave detectors. The etching procedure presented al­
lows improvements to be made to  the mechanical loss associated with this mechanical 
polishing. However, as yet, these improvements did not bring the m easured surface losses 
inline with the expected losses for surfaces associated with flame pulled or flame polished 
surfaces. Future work could be focussed on optimizing the etching conditions, such as 
investigating different chemical etchants, to achieve a higher quality surfaces. As also 
discussed, further studies using surface profiling may allow a link between surface loss 
and surface roughness to  be evaluated. Mechanical loss studies of dielectric coatings was 
also undertaken. It was found th a t the silica coating had the lowest level of measured 
mechanical loss overall a t 3.77 x 10"®. It was also found doped tan ta la  had a lower level of 
measured loss than  tan tala , 2.965 x 10"^ in the doped case compared to 4.24 x 10"^ when 
the tan ta la  is undoped. Hence it was found th a t the tan ta la  component is the dominant
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source of mechanical loss and th a t this loss can be reduced by doping the tan ta la  with 
titania. These results are consistent with previous measurements made here in Glasgow 
and by other groups around the world.
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